Abstract Under 35 years of age, 14% of sudden cardiac death in athletes is caused by a coronary artery anomaly (CAA). Free-breathing 3-dimensional magnetic resonance coronary angiography (3D-MRCA) has the potential to screen for CAA in athletes and non-athletes as an addition to a clinical cardiac MRI protocol. A 360 healthy men and women (207 athletes and 153 non-athletes) aged 18-60 years (mean age 31 ± 11 years, 37% women) underwent standard cardiac MRI with an additional 3D-MRCA within a maximum of 10 min scan time. The 3D-MRCA was screened for CAA. A 335 (93%) subjects had a technically satisfactory 3D-MRCA of which 4 (1%) showed a malignant variant of the right coronary artery (RCA) origin running between the aorta and the pulmonary trunk. Additional findings included three subjects with ventral rotation of the RCA with kinking and possible proximal stenosis, one person with additional stenosis and six persons with proximal myocardial bridging of the left anterior descending coronary artery. Coronary CT-angiography (CTA) was offered to persons with CAA (the CAA was confirmed in three, while one person declined CTA) and stenosis (the ventral rotation of the RCA was confirmed in two but without stenosis, while two people declined CTA). Overall 3D MRCA quality was better in athletes due to lower heart rates resulting in longer end-diastolic resting periods. This also enabled faster scan sequences. A 3D-MRCA can be used as part of the standard cardiac MRI protocol to screen young competitive athletes and non-athletes for anomalous proximal coronary arteries.
Introduction
Coronary artery anomalies (CAA) are the second most common cardiovascular cause (14%) of sudden cardiac death (SCD) in athletes under 35 years of age, following hypertrophic cardiomyopathy (36%) [1] . Coronary artery disease (CAD, 3%) and myocardial bridging (\3%) are uncommon causes of SCD in young athletes in contrast to athletes over 35 years where 80% of SCD is caused by atherosclerotic disease with significant coronary stenosis [2] [3] [4] [5] .
High risk CAA involve a malignant course between aorta and pulmonary trunk which can be compressed during exercise. A left anterior descending (LAD) coronary artery originating from the right sinus is most commonly associated with SCD, followed by the right coronary artery (RCA) originating from the left sinus [2, 6] .
While multi-detector computed tomography (MDCTA) angiography is faster and more adequate than magnetic resonance angiography (MRA) for the identification of CAD and relevant coronary stenosis, MRA without contrast and radiation is preferable in younger athletes where it suffices to rule out CAA.
Standard cardiac magnetic resonance imaging (MRI) multiple-thin-slab angiography is time-consuming as it requires breath-holding and knowledge of the exact position of the coronary arteries [7] , while free-breathing 3-dimensional magnetic resonance coronary angiography (3D-MRCA) only requires the location of the proximal aorta and pulmonary trunk to position the scan volume [8] . 3D-MRCA of the whole heart takes 20 min on average (range [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] leaving limited time for additional imaging of cardiac anatomy and function [8] . As only the proximal coronary arteries are of interest to rule out CAA, a shorter scan with limited coverage can be combined with clinical cardiac anatomy and functional MRI.
The purpose of this study was to test if a 10 min free-breathing 3D-MRCA scan can be included in the clinical cardiac MRI protocol to rule-out CAA in athletes and non-athletes.
Methods

Study population
For this study 360 men and women, aged 18-60 years (mean age 31 ± 11 years, 37% women), were selected from a larger study of 480 healthy volunteers who were prospectively recruited over 1.5 years with the aim of acquiring normal cardiac MRI reference values in healthy athletes and non-athletes. The only selection criteria for the 360 subjects was that there was sufficient remaining scan time to perform the freebreathing 3D-MRCA additional to the standard cardiac anatomic and functional MRI performed in all 480 volunteers [9, 10] .
Before participating in the larger study, all persons were interviewed, completed a questionnaire regarding training history, past medical and family history, and underwent resting electrocardiography and blood pressure measurement before cardiac MRI. Persons could only participate in the larger study if there was no history of illness, hypertension or medication. Persons with hypertension, unexpected findings on the electrocardiogram or cardiac MRI during the study, or contraindications for MRI, were excluded. Electrocardiograms were read by a cardiologist according to the European Society of Cardiology pre-participation guidelines [11] . No one who underwent the additional 3D-MRCA was excluded from this study.
There were 207 athletes (exercising at least 9 h per week), and 153 healthy non-athletes (exercising B3 h per week). The Institutional Ethics Committee of the University Medical Center Utrecht approved the study and all persons gave written informed consent.
Acquisition protocol
All scans were performed on a 1.5-T MRI system (Achieva release 1.5, Philips Medical Systems, Best, The Netherlands). All images were acquired by the same operator (N. H. P) using vector-electrocardiogram triggering with a five-element phased-array cardiac coil for signal reception. The standard protocol, of which the results are described separately, included breathhold steady-state-free-precession cines of different views of both ventricles and flow measurements of the cardiac valves [12] .
In addition, a free-breathing steady-state-free-precession 3D-MRCA balanced turbo-field-echo sequence containing the proximal course of the coronary arteries was planned on a coronal view, starting from around 2 cm above the aortic root to about 5 cm below the aortic root [13] . The 3D-MRCA was performed in cartesian acquisition mode in the transversal plane including a T2 preparation pulse and a fat suppression preparation pulse, repetition/echo time 5.4/2.6, flip angle 90°, rectangular field-of-view (FOV) 100%, phase resolution 100% and sensitivity encoding reduction of two in the anterior-posterior, and one in the feethead direction. Turbo-field-echo factors were maximized individually to match the end-diastolic resting period obtained by visually identifying the time window of least RCA movement during diastole (resting period) on a four-chamber cine [8] . A respiratory navigator was used by placing the 5-mm 2D selective excitation pulse on the highest point of the liver on the right side of the diaphragm. To optimize scan-time while maintaining a reconstructed isotropic in-plane resolution of 0.55 mm 2 , the FOV was minimized and matrix size was adjusted without introducing fold-over artifacts per scan. Typically the matrix was reconstructed to obtain a twofold higher resolution in two directions after reconstruction; a matrix of 256 9 256 was reconstructed to 512 9 512, so that the scanned in-plane spatial resolution of 1.1 mm 2 was reconstructed to an in-plane resolution of 0.55 mm 2 . We planned the nominal scan duration under 4 min so that the effective scan duration would not exceed 10 min with a minimum navigator efficiency of 40%. Exact nominal and effective scan duration and navigator efficiency were not recorded. In this pragmatic approach, if the heart rate was less than 60 beats per minute (bpm), we chose the 139 slice package with 0.55 mm slice thickness. If the scan duration prognosis exceeded the 10 min maximum (including navigator efficiency below 40% or heart rate above 60 bpm), the slice thickness and the number of slices were adjusted from 139 slices of 0.55 mm (isotropic voxels of 0.55 mm 3 after reconstruction) to 70 slices of 1 mm (anisotropic voxels), or if necessary to 35 slices of 2 mm (anisotropic voxels). No medication was given to lower the heart rate.
Post processing and data analysis
The 3D-MRCA dataset was transferred to a Vitrea workstation version 4.0 (Vital Images) for source image analysis, slab maximum-intensity-projection, and 3-dimensional reconstructions.
A radiologist experienced in cardiac MRI (B. K. V.), and blinded for participant characteristics, scored all 3D datasets on the source images. The overall image quality of the 3D-MRCA was visually graded for CAA; 0-indicating uninterpretable poor quality (technically unsatisfactory scan/ non diagnostic); 1-moderate (suboptimal visualization of all the major coronary arteries but assessment is still possible); 2-good visibility of all the proximal coronary arteries. The three coronary arteries were also assessed separately using above-mentioned grading system. The anatomic position of the three major coronary arteries and their proximal course in relation to the aortic root and the pulmonary trunk, the presence of proximal lumen reduction of more than 50%, and the presence of myocardial bridging were evaluated.
Final diagnosis was determined for positive findings in a consensus meeting with a cardiologist experienced in cardiac MRI (M. J. C.). Subjects with a CAA or proximal stenosis on 3D-MRCA were offered a low-dose (1-3 mSv) prospectively triggered multidetector CT angiography (MDCTA), and if necessary additional testing, for confirmation. Participants with myocardial bridging were not offered MDCTA as it is a common incidental finding on CT and only very rarely associated with sudden cardiac death in asymptomatic people [4, 6, 14] . The 3D-MRCA diagnosis was not systematically confirmed in all subjects as MDCTA was not mandatory because of the required radiation exposure in a perceived healthy population.
Statistical analysis
Continuous data are distributed normally and are presented as mean values ± standard deviation (SD). P-values \0.05 were considered statistically significant. Differences between groups were assessed using ANOVA with Bonferroni correction. Categorical data were expressed as frequencies and percentages.
Results
Study population demographics are shown in Table 1 . Athletes had a significantly lower heart rate as a consequence of their significantly higher training intensity. Overall grading of the coronary arteries for assessment of CAA and per-vessel grading results are presented in Table 2 . A technically satisfactory (graded moderate or higher) 3D-MRCA was obtained in 335 of 360 scanned subjects (93%) and 288 of 360 were graded as good (80%). In athletes, 83% of the 3D-MRCA scans were graded as good for CAA assessment, as compared to respectively 75% in non-athletes. The per-vessel assessment in athletes graded was good in 73% of the RCA, 66% of the LAD, and 67% of the left circumflex (LCX) coronary artery as compared to respectively 67, 59 and 56% in non-athletes.
The number of slices per 3D-MRCA package were 139 slices in 100 (28%) cases; 36/153 (24%) nonathletes and 64/207 (31%) athletes, 70 slices in 220 (61%), and 35 slices in 40 (11%). A lower heart rate, as seen in athletes, improved coronary anatomy and stenosis assessment significantly (mean heart rate in scans that scored moderate and good were respectively 69 ± 11 and 59 ± 10 beats per minute, P \ 0.0005), and facilitated completion of more and thinner slices per package within 10 min scan time.
However, the image grade only had a statistically significant relation to the number of slices per package in the 139-slice package (P \ 0.05); the 139-slice package was graded as good in 85%, 70 slices in 78% and 35 slices in 78%. Coronary segments that were covered by the 3D-MRCA package included the left main coronary artery (LMCA) and the proximal and mid portion of the LAD (including first diagonal branch), the LCX, and the RCA.
The occurrence of CAA, myocardial bridging and stenosis is presented in Table 3 . The radiologist (B. K. V.) found four cases (1%) with CAA, 4 cases of proximal significant stenosis, and seven cases of proximal myocardial bridging of the LAD. Agreement was reached in all positive cases by consensus reading with the cardiologist (M. J. C). The four CAA cases all showed the RCA running between the aortic root and the pulmonary trunk, three of which originated from the left sinus and one originated higher from the ventral aorta. No LAD originated from the right sinus and there were no LCX anomalies. One of the four cases of stenosis was a LAD stenosis. The other three cases of stenosis concerned a ventral rotation of the RCA originating from the right coronary sinus with a proximal kink, and possible stenosis. RCA ventral rotation of the origin, towards the space between the outflow tract of the right pulmonary artery and aorta, was found significantly more (P \ 0.05) in athletes [50 subjects (24%): 26 men, 24 women] than in non-athletes [24 subjects (16%): 11 men, 13 women].
All cases with CAA and/or possible presence of stenosis were offered a MDCTA for confirmation. Individual imaging results are presented in Figs. 1, 2 , 3, 4. Athletes were offered a super Bruce tread-mill protocol until physical exhaustion [15] and nonathletes a standard Bruce tread-mill protocol, which if positive was followed by X-ray coronary angiography and treatment if necessary.
Discussion
Our results show that the origin and the proximal course of the coronary arteries are well depicted with 3D-MRCA, but the visualization of stenoses is less reliable. A 10 min 3D-MRCA protocol can be used to screen for CAA. This MRCA protocol was designed for the detection of coronary anomalies and not for coronary stenosis detection.
Comparison to the literature
The number of interpretable 3D-MRCA scans is comparable to the 84% reported by Kim [16] . Of all 335 technically satisfactory scans, the RCA originated from the left sinus in three cases (0.90%), one RCA originated higher from the ventral aorta, and no LAD originated from the right sinus, which is comparable to the x-ray coronary angiography prevalence as reported by Angelini; 0.92% for RCA and 0.15% for LAD. [5, 17] The MDCTA incidence of CAA is 2.5% as reported by Schmitt including the RCA originating outside its sinus in 0.40% and the left coronary arteries (both LAD and LCA) in 0.74% (a LAD originating outside its sinus with a normal LCA was not observed in their study) [18] . Although occurring infrequently, physical exercise is suggested to be highly related to SCD when the LAD has an anomalous origin from the right sinus and runs between the aortic root and the pulmonary trunk [6, 19] . One study reports that an anomalous origin of the RCA from the left sinus, as found in three of our subjects, occasionally gives major symptoms such as chest-pain or syncope and is the cause of 13% of CAA related SCD [2] . An unusually high anterior origin of the RCA from the ascending aorta (''high take-off position'') and continuing down at a steep angle to the aorta as seen in one of our male non-athletes, has been described earlier by Schmitt and found in two (0.11%) of 1758 MDCTA screened patients suspected for CAD [18] . Myocardial bridging of the LAD was observed in seven of our cases, which was only confirmed in one person by MDCTA as the other subjects did not undergo MDCTA. The actual prevalence of asymptomatic myocardial bridging varies widely between x-ray coronary angiographic studies (0.5-2.5%) [20, 21] , MDCTA (17-58%) [4, 14, 22] and autopsy series (15-85%), and most commonly affects the LAD [4, 21] . Recent MDCTA results are comparable to autopsy series which is the gold standard for detecting myocardial bridging [23] .
Origin rotation variation of the RCA and the LCA with normal coronary origin from the sinus of Valsalva, caused by rotation of the aortic root between 45 and 90°, have been described earlier although only found in 0.22%. [18] .
Clinical implications
A 10 min 3D-MRCA protocol can be used as a non-invasive screening tool to exclude CAA in asymptomatic athletes under 35 years of age as they have low risk of CAD [3, 24] . This MRCA protocol, with limited resolution and coverage within the time-limit, was designed for the detection of coronary anomalies and not for coronary stenosis detection. Consequently, older athletes and athletes with cardiovascular complaints should either undergo dedicated full-coverage 3D-MRCA or prospectively triggered MDCTA [24] . Figure 3 illustrates the limited coverage shortcoming of this 3D-MRCA protocol: a soft plaque with a severe stenosis was found in the mid-segment of the RCA on MDCTA and this segment was outside the coverage of the 3D-MRCA. A low dose prospectively triggered MDCTA provides high resolution images which can confirm CAA and visualize the extent of associated intramural course and lumen stenosis, and rule out additional stenosis as it covers the entire coronary artery tree. Conventional exercise stress testing can be an insufficient stress in a well-trained athlete. Additional testing in an athlete with CAA and/or asymptomatic stenosis can involve exercise testing until physical exhaustion using the super Bruce tread-mill protocol instead of the standard Bruce tread-mill protocol, to detect local ischemia or arrhythmias [25] . If positive, a x-ray coronary angiography or scintigraphy can be performed.
Myocardial bridges in the LAD are a common finding with intramyocardial segments often showing mild-to-moderate luminal narrowing at rest, which is higher during end-systolic phase, but rarely causes angina or infarction through intermittent phase-dependent vessel compression [4] . As a prospective MDCTA is usually only acquired in the end-diastolic phase of the cardiac cycle it will not demonstrate possible narrowing during systole [1] . If detected, myocardial bridging in symptomatic patients can be treated with bblockers, nitrates or calcium antagonists and, in extremely selected cases, percutaneous coronary intervention or coronary artery bypass grafting [4] .
Limitations
Although 93% of the 3D-MRCA scans were technically satisfactory, b-blockade could further improve image quality as it lowers heart-rate and heart rate variability and increases the end-diastolic resting period significantly [26] . However, little improvement may be expected in athletes with a regular heart rate below 60 beats per minute.
The main limitation of this study is the lack of validation with MDCTA or X-ray coronary angiography in subjects without a coronary artery anomaly. This study was not set up as a side-by-side comparison to MDCTA or X-ray coronary angiography as previous studies focusing on these comparisons have been already performed and the amount of radiation exposure was considered unethical in these healthy subjects [27, 28] . We discussed the results individually and left the people the choice for further diagnostic testing. As a consequence, test characteristics such as sensitivity and specificity cannot be presented. This study focuses only on the detection of proximal CAA in asymptomatic subjects.
Future developments 1.5 Tesla MR scanners using five-element phasedarray cardiac-coils are the current standard for cardiac imaging. SNR advantages of 3.0 Tesla can be used to improve coronary artery image resolution and shorten the scan time, but 3.0 Tesla is currently hampered by increased susceptibility artifacts. Future optimization of 3.0 Tesla techniques will increase clinical use [29] . Increasing numbers of channels in multiple-channel coils can improve SNR and parallel imaging performance, however, reconstruction time and increased computer memory requirement become inevitable problems which need to be solved by advanced software still in experimental stage [30] .
Conclusion
3D-MRCA can depict coronary origin and the proximal course well. Lower heart rates greatly improved overall image quality in athletes. This 10 min 3D-MRCA protocol can be used to screen for proximal CAA in young asymptomatic athletes and non-athletes, however, it is not suitable for the detection of coronary stenosis.
